The new lead strontium germanate PbSrGeO 4 was synthesized by a high-temperature solid-state reaction of lead(II) oxide, strontium carbonate, and germanium(IV) oxide at a temperature of 900 • C in a platinum crucible. The compound crystallizes in the orthorhombic space group P2 1 2 1 2 1 (no. 19) being isotypic to the structure of BaNdGaO 4 [1] . The primitive cell contains four formula units with lattice parameters of a = 995.40(2), b = 732.44(2), c = 599.42(2) pm, V = 437.02(2) Å 3 , and residuals of R 1 = 0.0385 and wR 2 = 0.0997 for all data. The main structural element of PbSrGeO 4 is an isolated [GeO 4 ] 4− tetrahedron. A circular arrangement of six of these [GeO 4 ] 4− tetrahedra leads to the formation of large channels along b in which the strontium cations are eightfold coordinated by oxygen atoms. The lead cations are coordinated by three oxygen atoms, and with a lone pair of electrons they show a pseudo-tetrahedral coordination. Next to the structural investigations, PbSrGeO 4 was characterized by Raman-spectroscopic investigations and DFT calculations.
Introduction
Borogermanates are known as new potential materials for nonlinear optical devices. In Rb 2 GeB 4 O 9 [2] , K 2 GeB 4 O 9 · 2 H 2 O [3] , and (CH 3 NH 3 ) 2 GeB 4 O 9 [4] , the efficiency in generating the second harmonic (SHG) is two times higher than in the well known reference material KDP. The designated aim of our research was to synthesize a new strontium borogermanate in the chemical system SrCO 3 -GeO 2 -H 3 BO 3 via a high-temperature solid-state reaction and the use of a flux.
At the beginning of our project (July 2013), the group of alkaline earth metal borogermanates was represented by the compounds Ca 10 Ge 16 B 6 O 51 [5] [6] . A look into the literature revealed that there was a gap regarding strontium borogermanates. To obtain the missing strontium compound, we started with a typical solid state reaction of the reactands SrCO 3 , GeO 2 and H 3 BO 3 . But in contrast to the procedure for the above mentioned calcium and barium borogermanates [5, 6] , we additionally used a flux consisting of lead(II) and lead(IV) oxide. This kind of flux was already used in the highpressure synthesis of the rare-earth borogermanate Ce 6 (BO 4 ) 2 Ge 9 O 22 [7] .
We obtained a golden-yellow product containing two different phases, none of them being a novel strontium borogermanate. Instead, we could identify in the powder X-ray diffraction pattern a wellknown lead germanate with the chemical composition Pb 5 Ge 3 O 11 [8] and a new unknown phase. A singlecrystal structure determination on crystals of the latter unknown phase revealed a new lead strontium germanate with the composition PbSrGeO 4 being isotypic to BaNdGaO 4 [1] and structurally related to the β -K 2 SO 4 structure type [9, 10] . In this work, we report about the synthesis, the single-crystal structure determination, DFT calculations, and Raman spectroscopic investigations of PbSrGeO 4 .
Finally, it should be mentioned that our original goal of synthesizing the missing strontium borogermanate was achieved by the group of Mao et al., who recently synthesized the first strontium borogermanates SrGe 2 B 2 O 8 and Sr 3 Ge 2 B 6 O 16 [11] . Additionally, we were able to synthesize a third strontium borogermanate with the composition Sr 3−x/2 B 2−x Ge 4+x O 14 (x = 0.32) [12] .
Experimental Section

Synthesis
As mentioned above, the first synthesis took place in the system SrCO 3 -GeO 2 -H 3 BO 3 in the presence of a flux consisting of PbO and PbO 2 in the ratio 24 : 0.6. This led to a heterogeneous product consisting of Pb 5 Ge 3 O 11 [8] and the new compound PbSrGeO 4 . The fate and behavior of H 3 BO 3 during this synthesis are not clear. Presumably it acts as a flux material which is amorphous in the final product mixture as it could not be detected in the powder diffractogram any longer.
As a consequence, in the next step, the stoichiometry of the reaction mixture was adapted to the composition PbSrGeO 4 according to Eq. 
The reaction mixture containing 102.6 mg SrCO 3 (99+ %, Merck, Darmstadt, Germany), 72.8 mg GeO 2 (99.99 %, ChemPur, Karlsruhe, Germany) and 155.2 mg PbO (99.7 %, Acros, Geel, Belgium) was ground together in an agate mortar and filled into a FKS 95/5 crucible (Feinkornstabilisiert, 95 % Pt, 5 % Au, Ögussa, Wien, Austria). The sample was heated up to 900 • C (Nabertherm muffle furnace) with a rate of 3 • C min −1 and held at that temperature for 130 h. After that period, the furnace was switched off and the reaction product naturally cooled down to room temperature. The new compound PbSrGeO 4 was obtained in the form of colorless, air-and water-resistant crystals. The powder diffraction pattern (Fig. 1) clearly exhibited PbSrGeO 4 as the major phase. Two tiny reflections marked with asterisks in the powder pattern could not be assigned up to now.
Crystal structure analysis
The powder diffraction pattern of PbSrGeO 4 was obtained in transmission geometry from a flat sample of the reaction product, using a Stoe Stadi P powder diffractometer with Ge (111)-monochromatized MoK α 1 (λ = 70.93 pm) radiation. The comparison of the experimental powder pattern with the theoretical pattern simulated from the single-crystal data in Fig. 1 has shown that they match well.
Small single crystals of PbSrGeO 4 were isolated by mechanical fragmentation. The single crystal intensity data were collected at room temperature using a Nonius Kappa-CCD diffractometer with graphite-monochromatized MoK α radiation (λ = 71.073 pm). A semiempirical absorption correction based on equivalent and redundant intensities (SCALEPACK [13] ) was applied to the intensity data. All relevant details of the data collection and evaluation are listed in Table 1 . From the systematic extinctions, the orthorhombic space group P2 1 2 1 2 1 was derived. The structure refinement was performed by taking the positional parameters of the isotypic phase BaNdGaO 4 [1] as starting values (SHELXL-13 [14, 15] ). All atoms were refined with anisotropic displacement parameters, and the final difference Fourier synthesis did not reveal any significant residual peaks. The refinement exhibited that the measured crystal was a racemic twin, where the twin domains showed a ratio of 1 : 1. Positional parameters, anisotropic displacement parameters and interatomic distances are listed in the Tables 2 -5. The program DIAMOND was used for the graphical representation of the structure [16] .
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizkarlsruhe.de/request_for_deposited_data.html) on quoting the deposition number CSD-427843. 800 Raman micro-spectrometer in the spectral range of 100 -4000 cm −1 . The sample was excited using the 532 nm emission line of a frequency-doubled 100 mW Nd:YAG laser and the 633 nm emission line of a 17 mW helium neon laser under an Olympus 100× objective lens. The diameter of the laser spot on the surface was approximately 1 µm. The scattered light was dispersed by an optical grating with 1800 lines mm −1 and collected by a 1024 × 256 open electrode CCD detector. The spectral resolution, determined by measuring the Rayleigh line, was less than 2 cm −1 . The spectrum was recorded unpolarized. The accuracy of the Raman line shifts, calibrated by regularly measuring the Rayleigh line, was in the order of 0.5 cm −1 . Second-order polynomial and convoluted Gaussian-Lorentzian functions were fitted to the background and Raman bands, respectively, using the builtin spectrometer software LABSPEC.
DFT calculations
Electronic structure calculations were performed using the Vienna ab initio simulation package (VASP) [17, 18] which is based on density functional theory (DFT) and plane wave basis sets. Projector-augmented waves (PAW) [19] were used, and contributions of correlation and exchange were treated in the generalized-gradient approximation (GGA) as described by Perdew, Burke and Ernzerhof [20] . The plane wave cutoff energy was 300 eV, and the total energy convergence criterion 10 −5 eV. A three-dimensional grid of the charge density and the electron localization function (ELF) [21, 22] were calculated. In density functional theory, ELF depends on the excess of local kinetic energy due Pb1-O3 223.1(9) Sr1-O2 245.9(9) Ge1-O2 174.4(9) Pb1-O1 234.3(9) Sr1-O4 253.1(9) Ge1-O4 176.4(8) Pb1-O4 234.7(9) Sr1-O2 261.9(12) Ge1-O1 176.6(9) ∅ = 230.7 Sr1-O1 262.3(9) Ge1-O3 176.7(7) Sr1-O3 268.3(10) ∅ = 176.0 Sr1-O1 268.5(9) Sr1-O4 270.7(9) Sr1-O3 276.6(11) ∅ = 263.4
to the Pauli principle as compared to a bosonic system. High values of ELF appear in regions of space where the Pauli principle does not increase the local kinetic energy and thus pairing of electrons plays an important role. These regions can be assigned either to covalent bonds or to lone pairs.
Results and Discussion
Crystal structure of PbSrGeO 4
The new lead strontium germanate crystallizes isotypically to the structure of BaNdGaO 4 in the orthorhombic space group P2 1 2 1 2 1 (no. 19) with four formula units per unit cell. The lead cation occupies the crystallographic position of the barium cation, whereas the strontium atom is situated on the position of the neodymium cation. The fundamental building unit is an isolated [GeO 4 ] 4− tetrahedron. A repetition of a circular arrangement of six of these [GeO 4 ] 4− tetrahedra leads to the formation of large channels along b that host the strontium ions which are eightfold coordinated by oxygen anions. Figs. 2 and 3 show the crystal structure of PbSrGeO 4 with a view along [010] and [100], respectively. In addition to the three oxygen anions in the coordination sphere of the lead cation, a space for a lone pair can be distinguished, suggesting a pseudo-tetrahedral coordination of the lead cation. Because of that, special attention was given Table 5 . Interatomic angles (deg) in PbSrGeO 4 (space group: P2 1 2 1 2 1 ), calculated with the single-crystal lattice parameters (standard deviations in parentheses).
O3-Pb1-O4 89.1(4) O1-Pb1-O4 73.5(3) ∅ = 81.9 to the coordination sphere of the lead cation where the lone pair was visualized by the electron localization function (ELF) (isosurface value ELF = 0.97).
The pseudo-tetrahedral coordination with lead-oxygen distances between 223.1(9) and 234.7(9) pm (mean value: 230.7 pm), and the lone pair is illustrated in the left hand part of Fig. 4 . Obviously, this lone pair is stereochemically active as the position of the lead cation shifts towards the three oxygen atoms in comparison to the position of the barium cation in the isotypic compound BaNdGaO 4 , whose coordination sphere is displayed in the right hand part of Fig. 4 . A similar behavior can be found e. g. in the compound PbVO 3 that crystallizes in the perovskite structure possessing a lead cation with a stereochemically active lone pair [23] . In the case of PbVO 3 , a slightly off-center shift of the Pb 2+ cation out of the central position in the opposite direction to the lone pair can be recognized. The interatomic distances between the strontium cations and the oxygen anions are between 245.9(9) and 276.6(11) pm with a mean value [28] , and BaLaAlO 4 [29] . The bond valence sums for all atoms in PbSrGeO 4 were calculated from the crystal structure using the bond-length/bond-strength concept (∑V ) [30, 31] and the CHARDI concept (charge distribution in solids, ∑ Q) [32] . Table 6 shows the formal ionic charges received from the calculations which correspond well to the expected values. Furthermore, the MAPLE value (MAdelung Part of Lattice Energy) was calculated from the crystal structure to compare it with the sum of the MAPLE values of the binary components PbO [33] , SrO [34] , and GeO 2 [35] . The difference between the values for the product and the sum of the educts amounts to 1.65 %.
Raman spectroscopy
The Raman spectroscopic measurements were performed on a single crystal of PbSrGeO 4 . Fig. 6 shows the Raman spectrum of PbSrGeO 4 . The bands between 680 and 800 cm −1 can be interpreted as stretching vibrations [36, 37] of the GeO 4 tetrahedron, and bands in the range of 300 to 400 cm −1 can probably also be assigned to the bending modes of the GeO 4 tetrahedron [38] . Bands below 200 cm −1 may arise from mixed vibrations of the GeO 4 tetrahedron [36] . Presumably, these vibrations overlap with vibrations of the pseudo-tetrahedrally coordinated lead cation [38] .
Conclusions
The novel lead strontium germanate PbSrGeO 4 marks a new compound in the group of germanates. It crystallizes in the space group P2 1 2 1 2 1 and is one of a few compounds that are isotypic to the structure of BaNdGaO 4 . The main structural characteristics are isolated GeO 4 tetrahedra, eightfold-coordinated strontium cations, and pseudo-tetrahedrally coordinated lead cations exhibiting a stereoactive lone pair.
